Restricted feeding of broiler breeders is required for improved long-term health and welfare. Because feeding frustration and hunger are major welfare concerns during rearing, many suggestions have been made to decrease the negative feelings of hunger while maintaining suitable growth rates and reproductive health. Non-daily ("skip-a-day") feeding schedules are commonly used around the world to increase portion sizes at meal times while restricting intake but these practices are prohibited in many countries due to welfare concerns on fasting days. We compared birds raised on a non-daily feeding schedule (2 non-consecutive fasting days per week, 5:2), previously suggested as a welfare-friendlier non-daily alternative, to birds raised on daily feed restriction. We found signs of increased physiological stress levels in 5:2 birds, including elevated heterophil to lymphocyte ratios (1.00 for 5:2 vs. 0.75 for daily fed at 12 weeks of age), increased adiposity (0.21% lean body weight [LBW] for 5:2 vs. 0.13% LBW for daily fed), and reduced muscle growth (pectoral muscle 5.94% LBW for 5:2 vs. 6.52% LBW for daily fed). At the same time, 5:2 birds showed signs of lower anxiety before feeding times (activity was reduced from 10.30 in daily fed to 4.85) which may be a result of the lower feed competition associated with larger portion sizes. Although we found no difference in latency to first head movement in tonic immobility between the treatments (136.5 s on average for both groups), 5:2 birds generally showed more interest in a novel object in the home pen which indicated increased risk taking and reduced fear while fasting. The 5:2 birds in this study showed no signs of learning the feeding schedule, and this unpredictability may also increase stress. Taken together, the effects of 5:2 vs. daily feed restriction on the welfare of broiler breeder pullets remain inconclusive and differ between feeding and fasting days. In addition to reducing stress by minimizing the number of fasting days, we suggest that a shift to more predictable schedules may help improve the welfare of broiler breeder pullets.
INTRODUCTION
As a result of over half a decade of intense selection for high growth rates and feed efficiencies in meattype chickens, the parental stock of these birds (broiler breeders) have extremely high growth potential and are routinely raised under varying forms of feed restriction. This restriction improves their skeletal and cardiovascular health, fertility, and overall survivability, and is generally considered to improve the long-term welfare of these animals compared to ad libitum feed access (Renema and Robinson, 2004; D'Eath et al., 2009 ). However, the resulting hunger and feeding frustration are also considered major animal welfare challenges and C 2017 Poultry Science Association Inc. Received June 2, 2017. 1 Corresponding author: jordi.altimiras@liu.se remain unsolved (Mench, 2002; Dawkins and Layton, 2012) . Long-term solutions to the problem ought to include changes in the genetic basis of the breeding stock to maintain high juvenile growth rates while improving adult appetite control and health (Dawkins and Layton, 2012) , but these breeding goals can be expected to take a long time to put into practice. In the meantime, solutions range from addition of feed diluents or appetite suppressants to the use of fasting days to increase portion size and minimize competition and aggression around feeding (D'Eath et al., 2009 ). The addition of bulking agents such as soybean husks or appetite suppressants such as calcium propionate have however failed to gain widespread acceptance within the broiler breeder industry (Mench, 2002; Sandilands et al., 2006) , although some recent studies have shown promising results (Nielsen et al., 2011; Morrissey et al., 2014) .
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Meanwhile, non-daily ("skip-a-day") feeding schedules, which are prohibited in several European countries such as Sweden, Denmark, Norway, and the UK (Morrissey et al., 2014) , are reported to increase growth uniformity, reduce competition-induced stress around feeding, and to reduce growth rates compared to daily feeding of the same total amount (de Beer and Coon, 2007) . Such alternating feeding and fasting days are common for broiler breeders worldwide. Although claims of improved growth uniformity have largely failed in experimental studies, this may be a result of the limited flock sizes typically employed under these conditions compared to those in commercial facilities (e.g., Bartov et al., 1988; de Beer and Coon, 2007; Morrissey et al., 2014) . Even if non-daily feeding of broiler breeders is common in commercial rearing farms around the world, concerns about elevated levels of circulating corticosterone (CORT) have been raised. Increased CORT levels result from the general activation of the Hypothalamo-Pituitary-Adrenal Axis (HPA) axis and could be further enhanced from the psychological stress on off-feed days (Renema and Robinson, 2004) . Ethical concerns relating to the deliberate fasting of domestic animals are also widely acknowledged (EFSA Panel on Animal Health and Welfare, 2010) .
To reduce the negative impacts of fasting on welfare, suggestions have been made to switch from the classical 1:1 skip-a-day schedule (alternate feeding and fasting days) to a 5:2 (five feeding days and two nonconsecutive fasting days weekly) or a daily feed restriction schedule (Renema and Robinson, 2004) . There are however little experimental data available concerning the effects of a 5:2 diet in broiler breeders, and to our knowledge no study has compared the welfare implications of this potentially welfare-friendlier nondaily feeding schedule with daily feeding. In the current study, we compared broiler breeder pullets raised on a commercial Swedish breeder rearing farm and fed either daily throughout rearing or on a 5:2 schedule gradually introduced from 6 to 9 weeks of age. The welfare of these animals was evaluated using a panel of physiological and behavioral welfare assessments. Heterophil to lymphocyte (H/L) ratios and other white blood cell counts indicate long-term stress effects on the immune system (Jones et al., 2004) . Bone breaking strength is an indicator of the immediate risk for a common type of physical (and often lethal) injury to the skeletal system that has links to both fast growth and later egg laying (Rath et al., 2000) . Daily activity patterns and fearfulness in two types of fear tests were used to assess behavior in both well-known and novel situations (Kostal et al., 1992; Savory and Lariviere, 2000) . Because the measurements were carried out in a commercial farm, detailed behavioral quantification of object pecking or pecking activity were not deemed suitable. In addition, we performed full dissections on a subset of these birds to evaluate feeding schedule effects on overall growth and body composition. All assessments were centered at the period of most intense feed restriction (9 to 12 weeks; cf. Hocking, 1993) with some follow-up testing towards the end of the rearing phase (18 weeks).
MATERIALS AND METHODS

Animal Management
All animals used in the study were Ross 308 broiler breeder pullets raised on a commercial breeder rearing farm in southern Sweden. Animals were kept in 250 m 2 pens at a stocking density of approx. 15 birds/m 2 until grading at 4 weeks of age, and at approx. 10 birds/m 2 after that. Therefore the number of animals per pen was between 2,500 and 4,000 individuals. The animals were raised on wood shavings with access to perches and feed-restricted according to supplier guidelines (Aviagen, 2013) . Lighting was gradually reduced from 23 h and 90 lux on day 1 to 8 h and 15 lux on day 14 following the Ross 308 Breeder Management guidelines, with each new light period starting at 07:00. Light intensity at floor level was 22 lux and 5 lux respectively. Temperature started at 33
• C on day 1 and was gradually reduced to 21
• C on day 22. Feed was initially provided on paper and gradually substituted (days 8 to 13) with an automated spin feeder system that distributed the feed throughout the pen 15 min after dawn.
Animals used for the experiments hailed from two different commercial flocks: A and B, which came from different grandparent stocks as the studies were carried out 11 months apart. Flock A was used for 12-week dissections (including bone strength testing) and 18-week behavior testing (tonic immobility and activity monitoring). Flock B was used for blood sampling (9 and 12 weeks), behavior testing and bone strength testing (both at 12 weeks). For both flocks, the feeding treatments were applied to a full building that contained between 2-4 pens. In flock A we sampled from two separate pens and the pen effect was accounted for in the statistical design. In flock B all animals were sampled from only one pen. The feeding treatment groups were kept in separate houses with similar holding conditions, either fed daily throughout rearing (Daily) or fed according to a 5:2 skip-a-day schedule (SKIP 5:2 ) that was gradually introduced from 6 weeks of age. Skip-aday feeding was first introduced as a 6:1 schedule, with increased portion sizes given for 6 days before the first fasting day. This schedule was retained until 9 weeks of age, when the schedule was shifted to 5:2. Fasting days were never consecutive and always fell on Wednesdays and Sundays. The weekly amount of feed given was approx. 5% higher for the SKIP 5:2 birds to achieve equivalent growth in both groups.
Ethical approval for the study was granted by the regional ethical committee of Malmö/Lund (diary number M71-14).
Evaluation of Body Composition
At 12 weeks of age, 30 Daily and 30 SKIP 5:2 animals from Flock A were culled on a feeding day to assess body composition. All individuals from the same feeding treatment were sampled from two different pens. Animals were sampled to represent a range of body weights and matched by live weight between the groups (estimated lean body weights in Daily: 1,080.6 to 1,535.3 g, SKIP 5:2 : 1,054.7 to 1,501.2 g). Following a blow to the head to yield the animal unconscious, it was exsanguined by decapitation and packed in dry ice for transport, then stored at −30
• C until the time of dissection. Upon dissection, fat surrounding the gizzard and proventriculus (reported as "abdominal fat") and the remaining feed in the upper Gastrointestinal (GI) tract (crop, proventriculus and gizzard) were weighed and subtracted from the live weight of the animal as an estimate of lean body weight (LBW). Organ and muscle weights were recorded after blotting, and gastrointestinal organs were first emptied and rinsed in saline (0.9% NaCl). Intestines were also measured for their full length when straightened but not stretched. For organs and muscles that appear on both sides of the body, only the left organ was measured, except for the caeca where we report the average length. Two Daily birds and one SKIP 5:2 bird were found to be male upon dissection and were excluded from further analysis.
Mechanical Testing of Bone Strength
Tibiae from 10 heavy (Daily, live BW: 1,520.2 ± 36.8 g; SKIP 5:2 : 1,514.2 ± 44.5 g) and 10 light (Daily: 1,251.3 ± 59.1 g; SKIP 5:2 : 1,247.4 ± 63.4 g) birds from each feeding treatment in Flock A were used for mechanical testing of bone strength, as were the femurs and tibiae from 11 Daily (live BW: 1,514.8 ± 60.0 g) and 29 SKIP 5:2 (live BW: 1,494.4 ± 140.8 g) individuals from Flock B. Bones were dissected from thawed birds, wrapped in aluminum foil and refrozen at −30
• C. Before mechanical testing, bones were thawed at +4
• C overnight. Freeze thaw treatment does not alter the mechanical properties of bone if the samples are properly hydrated (Seldin and Hirsch, 1966) . Each bone was measured for its full linear length (tibiae: interior articular surface to intercondylar eminence; femurs: greater trochanter to patellar surface), as well as the mediolateral (ML) and caudocranial (CaCr) width at the midpoint, then subjected to a three-point bending test in a universal test machine (Hounsfield H10KS, Hounsfield Test Equipment, UK). Bones were positioned horizontally with the caudal side facing upwards and cranial side resting on two triangular supports spaced 50 mm apart. The load was applied caudally at the mid-point at a test speed of 2 mm/min with a 0.5 N pre-load. The resulting force-displacement curves were visually inspected to determine the point of yield (non-reversible deformation, i.e., first microfracture) and breaking (defined as a falling force/displacement curve). Stiffness of each bone was calculated as the linear slope (r 2 of fitted line ≥ 0.999) of the curve prior to yielding.
Tonic Immobility and Blood Sampling
Animals used for tonic immobility (TI) testing were retrieved from their pen in groups of four (Flock B, 12 weeks) and moved to an adjacent room. All individuals from the same feeding treatment were sampled from the same pen. Each animal was then individually moved to a secluded location with dim lighting and TI was induced by manually restraining the bird on its back for 15 s while covering its eyes. Animals were considered successfully induced if remaining in place for at least 5 s. Otherwise the induction procedure was repeated for a maximum of 3 attempts. The latency to first head movement and to self-righting was recorded, and the maximal time allowed in TI was 5 min. A total of 60 birds per feeding treatment (30 fed and 30 fasting from SKIP 5:2 ) were included in this test, with and induction rate of 75% for Daily and 88% for SKIP 5:2 (93% in fed and 83% in fasted birds).
The birds were then weighed and 200 μL of blood were collected from the ulnar vein in an EDTA-coated collection tube (Microvette 200 K3E, Sarstedt, Helsingborg, Sweden). Droplets from the capillary of the tube were smeared onto two glass microscope slides per bird. The smears were air-dried immediately, and further processed in the lab within a week of collection. After fixation in methanol (30 s) and airdrying, smears were stained in May-Grünwald solution (Saveen & Werner AB, Limhamn, Sweden) for 5 min, then Giemsa (HistoLab Products, Göteborg, Sweden) for 30 min and scanned at 40× magnification in a Hamamatsu NanoZoomer 2,0HT (Hamamatsu Photonics Norden, Kista, Sweden). From each animal, two counts of 100 white blood cells (WBC) were performed from the scanned images to simplify re-analysis, and the average count from each animal was used for further analysis.
At 16 weeks of age, a random subsample of 10 birds from each feeding treatment were blood sampled by the farm veterinarian. This procedure is performed in all commercial flocks in order to verify the response to vaccination. Samples were collected from the ulnar vein (2 mL), allowed to coagulate and analyzed by a reference laboratory (National Veterinary Institute, Uppsala, Sweden) for antibodies corresponding to four previously performed vaccinations: avian encephalomyelitis (AE, vaccination at 13 weeks), chicken anemia virus (CAV a k a "blue wing disease", vaccination at 10 weeks), infectious bursal disease virus (IBDV a k a "gumboro disease", vaccination at 6 and 14 weeks) and infectious bronchitis (IB, vaccination at 4, 8, and 16 weeks) . Titers correspond to the maximal dilution factor of serum that still reacts with the antigen, and maximally reach 4 for CAV, and 11 for AE, IBDV, and IB.
Novel Object Test
The novel object (NO) test was performed according to the Welfare Quality Assessment protocol for Poultry (Welfare Quality, 2009 ). Although it is typically used as a positive welfare indicator in laying hens we wanted to test if differences in risk taking could be observable in relation to hunger. In brief, the experimenter placed a colorfully striped stick (50 cm long, 2.5 cm diameter) and moved away 1.5 m to record the number of animals approaching within one body-length of the stick at 10 s intervals during the following 2 min. The test was repeated twice in each pen, at locations as far apart as possible while still avoiding the periphery. The test was carried out either in the morning (08:00 to 09:00) or in the afternoon (12:00 to 13:00), only in Flock B and included a total of 4 Daily and 4 SKIP 5:2 pens.
Activity Monitoring
Locomotive activity was registered by a triaxial gyroscope device (MotionWatch 8, CamNTech, Cambridge, UK) worn as a small backpack between the wing bases of the bird as we have reported previously (Lindholm et al., 2015; Lindholm et al., 2017) . The device was attached just after dusk to let the animals habituate to wearing it overnight. Recordings started 1 h before dawn and were performed over two full days that were timed to measure each SKIP 5:2 animal over one feeding and one fasting day (Flock B). Recordings were collected from a total of 4 Daily birds and 5 SKIP 5:2 birds. Activity monitoring was always performed in the pen furthest from the entrance to reduce experimenter impact on the recordings. No other part of the experiment was performed in this pen. Activity monitoring was performed in the same manner in Flock A, except recordings were done over a single day, did not include fasting days and included a total of 12 Daily birds and 12 SKIP 5:2 birds.
Registered activity was analyzed over five time periods corresponding to three expected behavioral responses and two baselines. Birds were expected to experience anticipation of feeding during the first 10 min after lights came on in the morning (feed dispersal after 15 min), to be feeding during 10 min after feed dispersal and to have stopped feeding 45 min after feed dispersal. The 5 min immediately before and after expected feed dispersal were excluded from analysis to ascertain that the spin feeder was not active during the time periods analyzed. As baseline comparisons we have included both a pre-dawn period (before lights come on) and a comparison with activity with the calmest period during the day which consistently occurred between 10 to 11 AM. All time periods correspond to the activity during 10 min.
As the analyzed time periods are expected to include a lot of feeding-related behaviors a simple validation trial was conducted to see how much different behaviors contribute to the registered activity. A hen wearing the Results from a validation trial using the activity monitors show that registered activity is highly correlated with locomotory behavior, but not with pecking behavior.
device was observed during 60 min and behaviors were continuously recorded at 10 s intervals. Device recordings were then compared to the number of locomotory (walking and running) and pecking (at ground, object, pen mate, drinker, feed or as preening) behaviors. The results are reported in Figure 1 .
Statistical Analysis
Comparisons of means were done by permutation tests in R using the coin package (version 1.1-3). Permutation tests were used as these are less sensitive to deviations from normality and random sampling than Student t tests (Lew, 2008) . Data from multigroup or multifactorial experimental designs were analyzed by ANOVA (dissection data, novel object) or by survival analysis with Wilcoxon testing (TI latencies) in MiniTab 17. Results are presented as averages ± standard deviations, and error bars also denote standard deviations where shown.
RESULTS
Live or lean body weights (LBW) of the Daily (live: 1381.0 ± 147.1 g; lean: 1311.0 ± 139.3 g) and SKIP 5:2 (live: 1,362.1 ± 139.8 g; lean: 1,284.6 ± 138.1 g) birds from Flock A were not significantly different. Body composition at 12 weeks was significantly affected by feeding treatment for most of the organs measured ( Figure 2, Table 1 ). Notably, birds fed on a SKIP 5:2 diet displayed smaller breast (5.94 ± 1.0 vs. 6.52 ± 0.8%LBW) and leg muscles, but increased gastrointestinal adiposity (0.21 ± 0.1 vs. 0.13 ± 0.0%LBW). These birds also maintained significantly heavier (duodenum, jejunum, ileum, large intestine) and longer (jejunum, ileum, large intestine) intestines, as well as larger proventriculi (0.40 ± 0.0 vs. 0.37 ± 0.0% LBW), pancreases (0.25 ± 0.1 vs. 0.21 ± 0.0% LBW), livers (2.84 ± 0.4 vs. 2.13 ± 0.3% LBW) and hearts (0.31 ± 0.0 vs. 0.30 ± 0.0% LBW). Despite the similar growth rates, tarsometatarsal lengths were slightly but significantly shorter in the SKIP 5:2 group (98.3 ± 4.1 vs. 96.4 ± 2.5, P = 0.013) and this difference was Intestinal size is presented both as % lean BW (C) and absolute length (E). Overall, SKIP 5:2 -fed birds show enlarged gastrointestinal organs and abdominal fat, but reduced muscle sizes.
* denotes a significant treatment effect in an ANOVA also accounting for body weight as a covariate and home pen as a factor (see Table 1 ). Table 1 . Results from ANOVA on absolute organ masses and intestinal lengths using lean BW as a covariate and home pen and feeding regimen as factors. Results with P < 0.05 were considered significant, but all P-values below 0.1 are reported. ns = non-significant. Degrees of freedom for the F statistic are ndf = 1 and ddf = 53 for all tests. especially pronounced among heavier birds. Mechanical tests performed on the tibiae of a subset of individuals from both treatments initially suggested that bones from heavier Daily-fed animals (live BW: 1520 ± 37 g) were significantly less stiff (180.2 ± 21.9 N/mm vs. 213.7 ± 20.4 N/mm; P = 0.02) and would yield and break at significantly lower forces than those of sizematched SKIP 5:2 animals (live BW: 1,514 ± 44 g).
The reduced stiffness and reduced breaking strength appeared to be linked to a more asymmetrical shape of the bone (ML: CaCr width ratio 1.21 ± 0.04 vs. 1.15 ± 0.03), but when the test was replicated using a larger cohort of birds of similar weights from Flock B no differences in stiffness ( Figure 3A ), breaking strength (data not shown), bone symmetry ( Figure 3B ) or bone length were found. Durations of TI appeared to follow a pattern where birds that had received less (Daily vs. fed SKIP 5:2 ) or no food (fasting SKIP 5:2 ) on that day spent less time immobile, however the difference was not significant at 12 weeks of age for either total duration of TI (P = 0.62; data not shown) or time until first head movement (P = 0.093; Figure 3A ). In the NO test at 12 weeks of age, fasting birds were generally more explorative of the novel object. In the mornings fasting birds showed significantly more interest than fed birds from both treatments (F = 21.3, P < 0.001), which showed very little interest in the striped stick, averaging less than one bird within one body length at all sampling points ( Figure 4B ). All groups of birds showed more interest in the object in the afternoons, with significant differences between all three groups (F = 62.25, P < 0.001) and increasingly more interest during the 2-min testing period (F = 3.81, P < 0.001). Fasting SKIP 5:2 birds showed the most interest reaching an average of up to 15.5 birds within counting distance and Daily-fed birds the least with a top notation averaging 4.8 birds approaching the stick ( Figure 4C ).
Although not very interested in approaching a novel object, Daily birds were significantly more active during the anticipatory time period between lights on and feed dispersal at both 12 (P = 0.008, Figure 5A ) and 18 weeks of age (P < 0.001, Figure 5C ). At 12 weeks, Daily birds were also significantly more active during the post-feeding period when feed is expected to be mostly gone from the pen floor (P = 0.040, Figure 5A ). Validation trials with the activity monitors show that the logged activity is highly correlated with locomotive behaviors (r 2 = 0.69) and only to a small extent affected by pecking behaviors (r 2 = 0.27; Figure 1 ). Comparing the activity of the same SKIP 5:2 individuals on a fed and non-fed day, we found no significant differences although non-fed birds were numerically more active during the time window for feeding and this difference approached significance (P = 0.063, Figure 5B ).
Blood samples from Flock B birds at 9 and 12 weeks of age showed significantly higher H/L ratios in SKIP 5:2 birds only at 12 weeks (P = 0.003) although average levels were similar across both ages ( Figure 6A ). Statistical analysis of the variation between counts revealed high repeatability when re-counting the same area of Figure 4 . At 12 weeks of age (Flock B) there was no difference in either TI durations (not shown) or latency to first head movement (A). In the novel object test (Flock B, 12 weeks) fasting birds were significantly more interested in the object during both in the morning (B) and the afternoon (C). All groups showed more interest in the object during the afternoon compared to the morning. Figure 5 . Comparisons of the activity levels of Daily-fed (white bars) and SKIP 5:2 -fed birds (black bars) during the mornings (A, C). In (A) the activity of SKIP 5:2 birds is presented as averages over a fasting and a feeding day, in (B) these are split so that the activity of the same birds on a fasting (patterned bars) and a feeding (black bars) are shown. All measurements of 18-week birds (C) were done on a feeding day. the same smear (r = 0.94, P < 0.001) but some variability between two different areas of the same smear (r = 0.64, P < 0.001). There was no significant effect of treatment day within the SKIP 5:2 group. Eosinophil and monocyte numbers also did not differ between the treatments at 9 weeks, but were significantly different at 12 weeks with SKIP 5:2 birds exhibiting increased numbers of eosinophils (P = 0.040) and decreased numbers of monocytes (P = 0.011) compared to Daily-fed birds ( Figure 6B-C) . The numbers of basophils counted were too low to warrant comparison between the treatments. Of the four vaccinations followed up with antibody titer counts at 18 weeks, only the response to CAV showed a significant difference, with higher titers achieved in the SKIP 5:2 group ( Figure 6D ).
DISCUSSION
Our results show that SKIP 5:2 birds display typical signs of stress, even if the number of fasting days has been reduced compared to the classical 1:1 nondaily feeding schedule. These signs include an increased amount of energy directed to storage rather than maturation processes (Zuidhof et al., 2015) as seen by the increased liver and abdominal fat masses accompanied by reduced muscle growth. This mimics what happens in chickens exposed to experimentally increased levels of CORT (Dong et al., 2007) . The significantly higher H/L ratios in SKIP 5:2 pullets at 12 weeks of age also indicate an elevated stress level. Although the difference is fairly small compared to the within-group variation, the results from our Daily-fed birds (average 0.75 at 12 weeks) are comparable or higher than previously published values Hocking et al., 1996 and Jones et al., 2004) , further emphasizing the elevated ratios in intermittently fasted birds. Elevated H/L ratios can also be a sign of infection rather than stress, but this is unlikely as infection leads to increased monocyte counts (Davis et al., 2008) which is the opposite of what we observed. On the other hand, high stress levels would typically be expected to reduce eosinophil counts (Davis et al., 2008) but our SKIP 5:2 birds were rather seen increasing their eosinophil levels from 9 to 12 weeks of age. It is possible that this is a sign of habituation to the stress of fasting, as others have reported behavioral signs of habituation to restriction regimens around this age (Hocking et al., 1996; Mench, 2002) . Note though that the levels of both eosinophils and monocytes reported here are generally within the range of 1 to 3% of circulating WBCs, which corresponds well to previously reported levels from fully fed, adult chickens (Chand and Eyre, 1978) . We also analyzed the antibody titers in response to routine vaccinations as a proxy for immune function with the expectation that impaired immunity would signal poorer welfare. We observed no signs of reduced immunity in SKIP 5:2 birds, which even achieved significantly higher antibody titers for CAV compared to Daily birds. Admittedly though, this difference could be an artefact due to the low resolution of the titration (possible titers 0 to 4) and relatively small sample size (n = 10 per treatment).
Although increased stress levels typically appear to divert resources from maturation processes, the SKIP 5:2 -fed birds in our study exhibit increased relative sizes of most organs in the gastrointestinal tract. This is in agreement with older studies on the effects of non-daily feeding on body composition in chickens (Katanbaf et al., 1989) , and may be a functional response to a fluctuating nutritional environment (cf. Lindholm et al., 2015) . It is worth noting that these birds maintained an equivalent growth curve to Dailyfed birds but at the expense of eating a larger total amount of food. Previous research has suggested that this is not the result of higher levels of circulating CORT (Dong et al., 2007) , but rather the inefficiencies of the metabolic processes involved in the storage and mobilization of resources (Bartov et al., 1988; de Beer and Coon, 2007) . While results on egg laying performance between non-daily and Daily-fed birds are contradictory (Powell and Gehle, 1976; Morrissey et al., 2014) , enlarged intestinal surfaces may be a factor that could improve later feed efficiency and productivity in lay (Zuidhof et al., 1995) . Stress reduced resource allocation to maturation processes could also compromise bone development in birds fed on a non-daily basis. As skeletal problems are a concern both in fast-growing broilers (Corr et al., 2003) and actively laying hens (Riczu et al., 2004) , this could potentially pose a welfare problem for broiler breeder hens. However, we did not see any difference on bone strength related to feeding regimen, most likely because feed composition includes mineral content in excess of actual needs.
Activity in broiler-type chickens typically shows a positive correlation with expected hunger level (Savory and Lariviere, 2000; D'Eath et al., 2009 ) and has sometimes been interpreted as a general sign of anticipation in these birds (Kostal et al., 1992) . The activity data collected in this study show a very clear peak in activity level during the "anticipatory" time period between lights turning on in the morning and feed dispersal 15 min later. This peak is especially apparent in Daily-fed birds and may reflect the higher feed competition and associated meal-time stress experienced by these birds. At 12 weeks of age we also observed a significantly higher activity level in Daily-fed birds during the "post-feeding" period when feed is expected to have been cleared from the floor. This may be the result of hunger frustration in these birds which receive smaller and presumably less satiating portions compared to the SKIP 5:2 treatment. It is worth noting that there is no longer any difference post-feeding between the groups at 18 weeks of age when the level of restriction is less harsh for both treatments.
We initially hypothesized that if SKIP 5:2 birds learn the feeding schedule this may show in the activity monitoring in the form of higher levels of anticipatory behavior on feeding days than on fasting days. The lack of such a difference probably indicates that they have not learnt the feeding schedule at this age, and are essentially experiencing an unpredictable fasting schedule. Gradual introduction of feed restriction regimens reduces the stress imposed by restriction on the birds (Hocking et al., 1996) , however results from Arrazola et al. (2016) suggest that birds do have more problems learning the feeding schedule when the number of fasting days is increased gradually. While a 5:2 feeding schedule may appear more welfare-friendly than a 1:1 schedule as it involves fewer fasting days, this schedule may be too complicated for the birds to learn, leading to higher levels of stress due to the unpredictability of meal times (Welker et al., 1977; Ulyan et al., 2006) . We suggest that to achieve a more welfare-friendly form of non-daily feeding a 2:1 or 3:1 feeding schedule may increase predictability and reduce stress for broiler breeders. Although such a schedule has the management drawback of not fitting well into the seven-day week, the increased computerization of farming equipment should effectively allow the implementation of a more predictable schedule without increasing work load. Another option for increasing the predictability of feeding may be the introduction of a visual or auditory feeding cue, similarly to what has been successfully tested in pregnant sows (Manteuffel et al., 2010) .
Fearfulness and anxiety are not only increased by stressful experiences (Korte, 2001 ) but are also negative emotions in their own right with the potential to reduce animal welfare (Duncan, 2002) . We saw no clear effects of feeding regimen or day in the 5:2 schedule on the TI of individual birds, but the general increase in NO interest in birds expected to be hungry (i.e., fasted vs. fed SKIP 5:2 and afternoons vs. mornings) may reflect increased risk-taking when the birds are in a negative energy state. Such an increase in risk-taking has previously been shown in underfed birds (Caraco, 1981) , and across much of the animal kingdom (e.g., fish: Biro and Booth, 2009; humans: Symmonds et al., 2010) indicating that this may be a very general trade-off to increase chances of survival when resources are scarce. This may also explain why fed SKIP 5:2 birds are more explorative than Daily birds in the afternoon, as although these animals have received more feed on that day they may be expecting a future energy deficit. Although fearfulness is affected by CORT directly (Korte, 2001) , the increase in risk-taking has been more clearly linked to the ghrelin and Pancreatic Polypeptide/Neuropeptide Y (PP/NPY) systems in mammals (Harmatz et al., 2016; Verma et al., 2016) . The hunger signaling systems in birds are not as well understood as their mammalian counterparts, but improved knowledge on the connection between hunger and fearfulness/risk-taking in birds may have important implications also from a welfare perspective. For example, short-term fasting has been shown to reduce the formation of long-term fear memories in rats (Verma et al., 2016) and if this translates to chickens it could mean that stressful handling procedures such as weighing or blood sampling would be less likely to lead to long-term fear of e.g., the scale, farmer or veterinarian if these are planned for an off-feed day or even a late afternoon.
Some authors have suggested that 5:2 and daily feeding may be similar from a welfare perspective (Renema and Robinson, 2004) . Indeed, using currently accepted welfare indicators we conclude that welfare is impaired in both situations and 5:2 does not offer a substantial improvement. Therefore, it is not clear that nondaily feeding is as beneficial as it has been made out to be (Morrissey et al., 2014) . However, some of the differences in body composition between the feeding regimens may be linked to productivity differences in the laying phase or indicate physiological coping mechanisms that are worth exploring further. First of all, we would like to suggest that a more predictable schedule (i.e., 2:1 or 3:1) could be less stressful for the birds while maintaining a comparable number of fasting days. Second, if fear learning is affected by hunger in the same way as it is in rodents, off-feed days could be periods in which to carry out certain management practices such as weighing and veterinary interventions in order to minimize stress.
In summary, we argue that there is a shortage of welfare indicators for use in broiler breeders, and this is reflected by the contradictory results found when comparing different feeding regimens both in this and in other studies (Morrissey et al., 2014) . Because of their close connection to immediate nutritional demands, CORTbased measurements are probably ill advised in these contexts and our results indicate that the same may hold true for tests of fearfulness. While we included the Welfare Quality NO test which is validated for use as a positive welfare index in laying hens, the results seem to indicate that this test would more closely reflect hunger than positive welfare in broiler breeders.
In an extensive review of the literature D'Eath and coworkers critically evaluated the correlations between feed restriction with multiple physiological and behavioral putative hunger indicators and reached the conclusion that they do necessarily measure the negative subjective state associated with hunger (D'Eath et al. 2009 ). The authors proposed the need to specifically measure feed motivation, which can be done by measuring feeding rates or compensatory feeding following a period of restriction or with the use of operant conditioning tests (D'Eath et al. 2009 ). Efforts in this direction have taken place (see for example Dixon et al., 2014) but these measurements are only feasible under controlled lab conditions and not in a farm environment. Altogether, a better general understanding of hunger signaling in birds would be helpful to shed some light on the links between hunger and behavior in these types of tests and may help in the development of more suitable welfare tests for broiler breeders.
